ABSTRACT Neuromorphic computing using neural network hardware has attracted significant interest as it promises improved performance at low power for data-intensive error-resilient graphical signal processing. Oscillatory neural networks (ONNs) use either frequency or phase as state variables to implement frequencyshift keying (FSK)-and phase-shift keying (PSK)-based neural networks, respectively. To make these ONNs power and area efficient, back-end-of-the-line compatible, and capable of processing multilevel information, we explore an emerging class of oscillators that show fine-grain frequency-tuning and phase-coupling. We examine TaO x -and TiO x -based oscillators (resistive random access memory-type) as elements of a neuromorphic compute block and experimentally demonstrate: 1) frequency control over four decades using a ballast MOSFET; 2) variable phase coupling between oscillators; and 3) variable phase programming between oscillators coupled with a MOSFET. Such fine-grain control over both frequency and relative phase serve as the desirable characteristics of oscillators required for multilevel information processing in star-type directly coupled FSK-and PSK-based neuromorphic systems that find applications in gray-scale image processing and other graphical compute paradigms. These attributes combined with the small size (<1 µm 2 ) and simplicity, make these devices attractive candidates for realizing large-scale neuromorphic systems at reasonable size and power.
I. INTRODUCTION
A S TRADITIONAL CMOS device scaling for von Neumann architectures is nearing limits with the device behavior becoming increasingly stochastic, continued increases in the computational ability per-unit area and power cannot be sustained. Hence, researchers have started looking for alternative computational schemes. Neuromorphic computing, often simply rendered as neurocomputing is one such paradigm that tries to mimic the same level of superior error-resilient compute, power and area efficiency as the human brain. This is specifically targeted toward a class of problems associated with the pattern recognition that existing architectures are inefficient in handing with the same level of speed and power as the brain. Moreover, CMOS implementations of such neuromorphic systems have failed to achieve the level of parallelism and energy efficiency exhibited by the brain [1] , [2] . Hence, there is an increasing interest in looking at emerging devices that can enable some of the analog functionality needed for neuromorphic systems. Several implementations of neural networks have been proposed, such as cellular neural networks, which use multilevel resistance states exhibited by resistive random access memory (RRAM) cells or phase change memory cells, as the state variable [3] , [4] . Likewise, oscillatory neural networks (ONNs) use oscillator arrays that consist of coupled oscillators in order to implement the parallelism, with each node representing a vector element that will be coupled with their neighbors [5] - [7] .
Nikonov et al. [7] have reviewed and proposed several ONN topologies that are broadly classified by the quantity that they use as a state variable, namely, frequency and phase. The architectures that use frequency rely on frequency shifts or frequency-shift keying (FSK) to match patterns. In FSK, each element oscillated at a frequency that is directly proportional to the vector distance between individual elements of the test vector and the memorized vector. All of the oscillators have the same coupling, and an averaging block is used to detect the closest match by averaging the distances between each vector element. In FSK-based systems, there is a clear need for frequency tuning over a large spectrum. Prior work on some of these emerging oscillators has shown limited tuning range of ∼10 kHz-∼2 MHz [8] - [10] . This not only limits the resolution of image processing (due to small margins between distinguishable frequencies), but also performance limitations due to its low-frequency operation (2 MHz being the maximum reported [8] ).
A more common approach to implement ONNs is using phase as the state variable. In such coupled oscillator arrays [7] , phase is the state variable that carries out the computation, encoding the information by phase-shift keying (PSK). Furthermore, two distinct topologies of PSK-based systems have been proposed in [5] - [7] : 1) an indirectly coupled ONN in which each oscillating node (neuron) is coupled to its neighbor using indirect coupling units (synapses) and 2) star-coupled ONN in which each node is directly coupled to its neighbor through a coupling element with variable strength to control the phase between two oscillatory elements. Thus, a test vector has to compare the phase with all memorized vectors each with different sets of coupling coefficients. Again, an average eventually activates the correct recognition of pattern. The star-coupled or directly coupled ONN offers distinctive advantages in terms of compactness, ease of integration in the back-end of the line, and reduced circuit complexity. Moreover, CMOS-based indirectly coupled ONNs use phaselocked loops to build oscillator arrays and tend to be power and area inefficient. This has led to the investigation of compact oscillatory systems, which can be used in ONNs. This makes the star-coupled ONNs a significantly more attractive implementation compared with indirectly coupled ONNs.
To date, the phase manipulation of compact electronic oscillators has proved to be a challenging problem. While gyromagnetic spin-torque oscillators [11] and VO 2 -based oscillators [10] , [12] have shown promise, their applicability has been limited to a binary phase contrast when coupled. Most image processing applications rely on gray-scale processing (and by extension, color) [13] , [14] , motivating a need for fine-grain phase control (i.e., gray-scale levels). To date, the fine-grain frequency and the phase control have not been achieved, motivating our work to explore this emerging class of oscillators with a goal of implementing them in the star-type directly coupled configuration.
This work examines TaO x -based oscillators (RRAM-type) as elements of a neuromorphic compute block and experimentally demonstrates: 1) frequency control over three decades using a ballast MOSFET; 2) variable phase coupling between oscillators; and 3) variable phase programming between oscillators coupled with a MOSFET. Such fine-grain control over both the frequency and the phase serve as the desirable characteristics of oscillators in directly coupled FSK-and PSK-based neuromorphic systems. Such devices are compact metal-insulator-metal stacks that have not undergone forming process. As shown in Fig. 1 , if the forming step in RRAM devices is prevented from reaching completion (by means of using a current-limiting ballast), one can stabilize an electronic filament [15] - [17] . Repeated localization and delocalization of current to an electronic filament results in oscillations, which will be investigated in this paper.
II. OSCILLATION PHYSICS
It has been widely known that disordered glasses (including polycrystalline films with defects) like chalcogenides and some oxides show a characteristic bistability in their resistance states. Several mechanisms have been advanced to explain this change in conductivity ranging from carrier injection [18] - [20] , field-driven nucleation and growth of conducting filaments [21] , [31] , insulator-metal transitions [22] , [23] , and so on. Despite the variety in the physical mechanisms, all of the theories agree that as the voltage across the device is increased, the current through the device undergoes a localization process that is concurrent with a drop in device resistance and is accompanied by a negative differential resistance regime in the device I -V . In [15] - [17] , we were able to show the experimental evidence of transient and the reversible localization of current in TaO x devices. The negative differential resistance observed in this material can be used to create an oscillatory element. The devices tested in this paper are 700-nm × 700-nm vertical crossbar structures consisting of 60 nm of TaO x sandwiched between Ta (2 nm)/Pt (15 nm) and Pt (20 nm) electrodes. More details about the fabrication are discussed in the supplementary material. Conduction in these devices is through the thickness of the film between the two electrodes making them attractive compared with lateral structures demonstrated earlier [10] . More details about the stacks have been covered in [15] - [17] and the supplementary material. We also look at scaled devices with TiO x -based stack in order to explore the design space for optimizing the material, and the scalability of these oscillators. Fig. 2(a) shows the circuit schematic of a TaO x device connected in series with a resistor. As the bias across the device-resistance pair is slowly increased (0.1 V/ms, triangular pulse), the current through the device increases and eventually, at a threshold voltage, the device enters into the negative differential resistance regime. This implies that the device forms a conductive filament as it enters negative differential resistance (NDR) and this abrupt reduction in resistance is responsible for the differential resistance becoming negative [15] . Depending on the overdrive-voltage (differential voltage beyond the threshold voltage) applied to the device, the device may settle down to various low-resistance states, or ON-states. The ON-state is completely volatile (corresponding to a volatile filament) and the device will revert back to the OFF-state (filament dissolved) once the voltage is removed. The voltage and current associated with this reversal is designated as the holding voltage (V h ) and the holding current (I h ). However, if the triangular pulse is significantly faster (1 V/µs), a device in the ON-state does not return back to the OFF-state. Fig. 2(b) shows the persistence of the ON-state, as previously seen in transient ON-characteristics (TONCs) [24] .
Once the device switches to the ON-state (temporary low-resistance state), the resistance of the device experiences a rapid decrease. Due to the voltage division enforced by the resistance in series, the voltage across the device drops. This drives the device to an I -V point in the ON-state that is lower than the holding voltages and the current. Thus, the electronic filament is unstable [15] , [18] - [22] and thus dissolves, driving the device back to the OFF-state. Once in the high-resistance state, the voltage across the device starts increasing, eventually exceeding the threshold voltage, which causes the device to go back to the ON-state. This process repeats itself resulting in self-sustained oscillations, as shown in Fig. 3(a) . The phase portrait of these oscillations can be plotted, as shown in Fig. 4 , and shows a clear separation of the low (∼300 )-and the high-resistance states (100 k ). In order to model the oscillator, we use a simple two-valued resistance-switching element.
The circuit schematic representing the device and the parasitic capacitance are shown in Fig. 3(b) . A Verilog-A compact model was used to represent the bistable behavior of the RRAM oscillators. The filamentation dynamics that set the transition between the two states was modeled as triggered voltage thresholds having a sigmoidal transition with two distinct parameterized transition times in Verilog-A. 
III. FREQUENCY TUNING
Frequency control of such oscillators using series resistance has been previously shown for chalcogenides [25] and some oxides [8] - [10] ; while Shukla et al. [10] have recently simulated a possibility of using transistors as a ballast to control frequency. We experimentally demonstrate precise MOS-based frequency control over more than 4 orders of magnitude, from 30 kHz-300 MHz using transistor-based control. Fig. 5(a) shows the simple subcircuit that can be used as a template of a voltage-controlled oscillator (VCO) in different neural network topologies. Such one transistor one resistor (1T1R) structures enable extremely compact frequency tunable units for the FSK-or PSK-based ONNs. Here, we achieve frequency control by increasing the gate voltage such that the |V GS | across the pMOS decreases and the transistor R ON increases, thus decreasing the frequency, as shown in Fig. 5(b) . This can be simply thought of as an increase in the RC time constant due to increased R S , through which the oscillator node gets charged back to the threshold voltage, in the OFF-state. This serves as the rate-limiting step, and not the transition from the OFF-state to the ON-state. The fundamental time constant of the formation and the dissolution of the filaments themselves are thought to be subnanoseconds [8] , such that the frequency of oscillations is usually always limited by circuit parasitics. In scaled devices with integrated transistors, the parasitics would be reduced, suggesting that these oscillators could be capable of operation at gigahertz frequencies.
Moreover, in order to prove the scalability and the applicability of this phenomenon to other materials, we show frequency control in 100-nm TiO x cross-bars [ Fig. 5 (b) (inset)]. It must be noted that since TiO x is optimized to be a good memory switch, the device undergoes forming after a very few number of oscillation cycles. This is directly related to the barrier height associated with the nucleation of the temporary filament. This has been previously treated in separate work [21] trying to unify the threshold switching and the memory switching in phase change devices.
IV. PHASE COUPLING
The desirable features of oscillators in an ONN includes: 1) phase and frequency coupling; 2) fine-grain control over these state variables; and 3) potential for dense, scalable arrays. In order to understand the mechanism of coupling, we first explore the coupling of two oscillators. The physics of coupling is expected to give us deep insights into a multioscillator-coupled network.
If we start oscillations in two different oscillatory elements (A and B), at nominally the same frequency, they oscillate with an arbitrary phase due to variability in the time it takes to start oscillations. Moreover, their actual frequencies will differ due to variation in either the oscillator or the transconductance of the MOSFET in series. Fig. 6 shows the voltage oscillations of two such uncoupled devices. In contrast, if the oscillating nodes are shorted, as shown in Fig. 7 , the frequency and phase are both completely locked.
A. VARIABLE PHASE COUPLING
In order to controllably phase-couple two free-running oscillators, we use a simple capacitor between their oscillating nodes. A circuit schematic of this configuration is shown in Fig. 8(a) . The capacitive coupling element acts as a high-pass filter and thus a current would flow through the coupling element every time a transition takes place. Fig. 8(b) shows 180 • phase difference between the voltage transients on the coupled pair of oscillators (black curve and red curve, respectively). We know that for a single element (uncoupled), when the device transitions to the ON-state, the filament formed is unstable, i.e., the current in the ON-state is lower than the holding current (I h ). Thus, the filament will dissolve and the voltage across the device will start increasing (OFF-state).
To understand the electrical dynamics associated with the coupling, assume that at t = t 0 , oscillator A is in the ON-state, while oscillator B is in the OFF-state. Thus, at t 0 , a large current is flowing through A (thus the voltage across A is low), while the voltage across B is gradually rising. The rising B causes the high-pass filter to shunt a substantial amount of current into A. While in uncoupled oscillators, any ON-state would have been unstable but the supply of this extra current to A from B, results in the net current in A being the sum of currents from the supply and the coupling element. This results in the total current through A to be above the holding current and thus the device ON-state is stabilized. This is clearly shown in Fig. 8(c) and (d) . The voltage and current waveforms of the coupled pair with dissimilar voltages indicate the stabilization of one of the oscillators in the ON-state at V h , I h , while the other oscillator charges. At t = t 1 , B switches to the ON-state (as the node voltage exceeds the threshold voltage), the displacement current (i BA ) through the capacitive branch reverses direction and reduces the current through A. This causes the stabilized ON-state of A to become unstable, and the device resistance reverts back to the OFF-state. As this process is occurring, the displacement current from the coupling stabilizes the ON-state of B until A reaches its threshold voltage. This process keeps repeating itself, resulting in a full 180 • out of phase coupling.
It is thus predictable that the bandwidth of the coupling element plays an important role in stabilizing the filament during the coupling process. If the displacement currents do not last for long enough, we could get coupling ranging from 180 • out of phase down to fully coupled (0 • phase) oscillators. This is achieved by changing the frequency of one oscillator with respect to another. Once coupled, the oscillators would settle down to a unique frequency. This results in the oscillator pair to achieve a phase difference with respect to each other. If the frequency difference between the two oscillators is too large, they seem to not couple but rather just both threshold switch to the ON-state. The coupling capacitance that would enable such coupling is a very strong function of the frequency at which it operates. We will refer to this method of phase control as differential gating. Such coupling of oscillators is ideal for ultralow power ONNs during the decision stage when each of these units is programmed to be at a certain frequency and depending on the frequency of the oscillations and the coupling coefficient; the device can give settle down to a phase that represents the vector distance. In implementations involving the starlike network of PSK'ed oscillators, as discussed in [7] , differential gating serves as a method of programming the coupling depending on which memorized pattern the test vector is being compared with. If the vector distance is too large, the oscillations stop and the system settles to the ON-state. Fig. 9 shows the voltage waveforms of the coupled oscillators in time domain at V GS = 0.15, to give phase coupling at 120 • phase. Fig. 10 shows the fine-grain phase control obtained using differential gating. The figure shows 
B. VARIABLE PHASE PROGRAMMING
In some implementations of ONNs [26] , [27] , there is a need to program different phases at the beginning of the recognition step, before coupling is turned ON; and the oscillators settle to different phases once the coupling is enforced. To enable such primitives, we use a coupling nMOS transistor between the oscillators, as shown in the circuit schematic in Fig. 11(a) . Fig. 12 shows a temporally localized frequency change when the gate voltage of a single oscillator is altered. This temporary change in frequency shifts the phase of the original signal. Fig. 11(b) shows a timing diagram of the voltages at the gates of the two ballast pMOS devices and the coupling nMOS device. In order to program a phase difference between the two oscillators, V G of one pMOS device is lowered for a short time, thus temporarily increasing |V GS | of one pMOS. Simultaneously, using this as a trigger, V G on the coupling nMOS, is reduced to 0, effectively coupling them only through the MOS capacitance (Fig. 8) . This results in an abrupt increase in frequency and ultimately a phase-shift of the signal. In this method, the control variable is the magnitude of the pulse of a constant duration (i.e., the amount of frequency speedup); Fig. 13 shows the time-domain waveforms of PSK-based phase programming in the oscillator pair, in which V G1 was pulsed 2 V below V G2 (4.53 V).
The primary difference between variable phase coupling and variable phase programming lies in the ability of the coupling nMOS to decouple the two oscillators once the phase shift is introduced. If the coupling is maintained, the two oscillators would be expected to reach a steady-state condition with a certain phase difference. Because decoupling stops the oscillators from interacting between each other, the introduced phase does not display any period doubling effects seen in variable phase coupling. Fig. 14 shows the fine-grain control on the phase coupling obtained by the use of variable pulse-widths used to introduce phase delays.
V. DISCUSSION
Using variable phase coupling and control, we have been able to show how simple circuit topologies could be used as nanoprimitives for obtaining the functionality needed for a directly coupled oscillator pair. However, it has been observed in the previous works on chalcogenides that the nonlinear dynamics of the oscillators are very tightly coupled with the circuit parasitics that they are loaded with [28] . Thus, device-circuit co-optimization is essential to ensure that the devices are scalable alongside CMOS scaling and that they do not show fundamental limitations in being deployed as nanoprimitives for ONNs. In this section, we will look at the effect of scaling and circuit parasitics on the oscillator dynamics.
A. SCALING CELL AREA
It has been observed that the threshold voltage associated with these oscillators is dependent on the number of nucleation sites existing in the insulator matrix for the temporary filamentation to occur, the thickness of the oxide/ semiconductor film and the temperature at which these films operate as oscillators [17] - [21] . As the device area is scaled down, a weak increase in threshold voltage is often observed due to the reduction in the nucleation sites needed for the temporary filament to form. However, the previous works in threshold switches [18] - [21] have shown that scaled devices can be formed into a permanent secondary high-resistance state consisting of conductive phases, which in turn act as nucleation centers for the temporary filament during oscillations. It has also been shown that semiconducting glasses (both chalcogenides and oxides) have an almost linear dependence of threshold voltage on the thickness of the film. For threshold switches, sub-1 V switches have been developed with both oxides and chalcogenides. This implies that these devices can be scaled down to the minimum nucleation size (∼3 nm) [29] .
Thus, even integrated implementations of these oscillatory elements would be limited in area by the ballast and coupling transistor pitch. However, it must be noted that as the oscillators scale, they would have lower threshold voltages and peak currents. This would be consistent with the scaled transistors that would only be able handle limited power resulting in the temporary ON-state of the device to be highly unstable (as I DSAT would be lower than holding current for the device) and hence the device would oscillate at a higher frequency. Fig. 15 shows frequency tuning in 100-nm TiO x -based crossbars (the same electrodes, 20-nm TiO x ). It is noteworthy that the frequency of oscillations is of the same order of magnitude as TaO x devices because of the oscillatory process being parasitic dominated. which the filament dissipates. Fig. 16 shows these parameters marked on the device I -V plot. The red curve represented the true device I -V , while the violet trace represents the I -V trajectory dictated by the ballast, in steady state. To minimize power dissipation and to improve compatibility with scaled CMOS, it is desirable to scale V th as low as possible. The formation of the filament that leads to oscillations is associated with field-accelerated filament formation. Therefore, reducing the thickness of the functional layer transition metal oxide would result in an enhancement of the field for the same voltage and therefore reduces the V th needed for oscillations.
To ensure enough swing in the oscillation for robust operation, V h must be kept as far below V th as possible, so reducing the threshold voltage means it is also necessary to reduce the holding voltage. The holding voltage, however, has been found to be only weakly dependent on the electric field [20] . It is instead dependent on the contact resistance, the Schottky barrier height at the electrode-oxide interface, and the resistance of the filament. As the resistance of the filament (simply a cylindrical conducting region) is dependent on the film thickness, there is a weak dependence of V h on thickness. The key to scaling the holding voltage is engineering the barrier at the electrode-oxide interface to minimize the interface voltage drop in the conductive state.
C. ROLE OF CIRCUIT PARASITICS ON OSCILLATIONS
Because the frequency is almost always limited by the device dynamics in the OFF-state, the role of the parasitic capacitance charging at the oscillating node is crucial to ensure reliable oscillation phase portraits.
Shaw and Gastman [28] have shown that the maximum current after the device transitions to the ON-state is governed by the displacement current associated with the parasitic node capacitance as well as the inductance of the system. Ideally, if the system has minimal capacitance, the oscillating nodes would be limited by the filament dynamics. In such cases, it is observed [28] , [30] that the oscillations have much higher frequencies, which imply lower holding currents. Typically, holding current is a dc quantity that refers to a critical nucleus size that the filament has to reach, below which, the filament dissolves. However, TONCs [24] , [25] show that the ON-state would have much lower holding currents if the duration for which the nucleus exists is shorter. Thus, higher frequencies, which are possible with low parasitics, would eventually correspond to a smaller duration for which the subcritical nucleus persists and this results in a lower holding current.
D. VARIABILITY
The nature of filament formation is considered an electronic [19] or nucleation switching process [29] . Adler et al. [20] also indicate that the process should not involve motion of atoms, making the cycle-to-cycle variation minimal. Thus, the same defect site serves as the initial nucleation site for the oscillations to initiate. However, the parasitic heating in the presence of oxygen getters or the presence of point defects with low activation energies [31] is the main cause of oscillation failure. In most cases, this problem is exacerbated due to the large discharge current that accompanies the onset of the ON-state. This discharge current is directly proportional to the parasitics that load the oscillator and the change in the device voltage during the switching event. Thus, scaling down the device laterally (lower capacitance) and in power (lower dV/dt) should help reducing the variability and failure, as has been recently shown [30] .
The coupling between different oscillators is expected to be far more robust as the synchronization is mainly dominated by the coupling element. Hence, small changes in the individual frequencies can be compensated for as the frequency to which the system is locked to is set by the coupling element.
VI. CONCLUSION
We have presented oxide-based oscillators as neurons for dense ONNs. These oscillators (TaO x -and TiO x -based) rely on repeated localization and delocalization of current in a vertical metal-insulator-metal stack to cause self-sustained oscillations. The frequency of operation was shown to be tunable from 30 kHz to 300 MHz using a MOSFET as a ballast element, making this a compact VCO. This 1T1R configuration enables the FSK-based implementations of ONNs. The more commonly used implementation of ONNs is PSK-based and utilizes phase as the state variable for computation. With a goal to realize the star-type directlycoupled ONN, we couple two 1T1R oscillators with a coupling capacitor to show fine-grain phase control up to 180 • using differential gating. This enables the use of multivalued states, for applications like gray-scale image processing. Our comprehensive characterization of the coupling phenomena reveals an interesting self-sustained pumping of displacement current in order to stabilize the ON-state of the oxide device. Moreover, we have developed a MOSFET-based phase programming and coupling methodology that can program the phases before the compute starts. With this technique, programmable phases up to 150 • have been achieved. We supplement this with comments on power-area-frequency scaling trends, demonstration of frequency tuning for a scaled TiO x -based oscillator and the subtle role of parasitics on this class of oscillators.
